Introduction
Fiber optic gyroscope (FOG) is a mature technology for high precision inertial navigation applications. The wide usage area of the technology brings the demand for better performance under environmental disturbances. One of the main performance limits is the thermally induced rate error. Most of the work in the literature propose to control the error by reducing the total stress along the fiber coil as a whole.
In this paper, we proposed an approach for stress analysis for a fiber coil. Although the total stress and strain fields do not change, rate error is reduced as stress homogeneity increases. Strain homogeneity measurement is not a straightforward application. We use finite element model (FEM) analysis to obtain the strain distribution along the fiber coil.
Theory

Shupe Equation and Elastooptic Interactions
Thermal fluctuations create nonreciprocal phase shift between counterpropagating waves in the fiber coil. Nonreciprocal phase shift is defined by Shupe [3] , given in equation 1.
Mohr [4] extends this analysis for elastooptical interactions (see equation 2). Temperature and stress change results phase shift on fiber segment which is integrated along all the fiber coil.
[3]
Here 0 is the free space propagation constant, ̇ is the refractive index change, ̇ and ̇ are the strain changes along z-direction (the direction light wave travels) and r-direction (radial direction of fiber core), is the total fiber length and is the distance from one of the fiber coil ends. In this equation states the fiber segment which is three dimensional in space.
Phase Error Calculation Approach
We have developed a method for the calculation of the phase error. Fiber coil is a cylindrical structure and the integral can be represented in radius, azimuth and height ( , , ). Fiber coil consists of fiber core, cladding, coating and adhesive. Light travels only in the fiber core so integral is taken through fiber core which is only continuous through azimuth and discrete for axial and radial directions. We reduce the equation to two dimensions and discretize it for calculation.
Where , are the radial and axial layer numbers and = × is the total number of turns. Here radial and axial subscripts define the axial and radial directions of the fiber coil cross-section. Combining the Sagnac relation with the equation,
Here is the diameter of each turn. Diameter of the fiber coil increases for each layer through radius. Using the relation ∆ = = = , , and taking the integral over results as
where is the length of each fiber turn which is different for every radial layer. This equation is the 2-D approximation for calculation of the total phase error due to any disturbance (temperature, vibration, moisture…) that changes the strain field.
Modeling of Fiber Coil
In our previous work, we presented a model for thermally induced rate errors for a fiber optic gyroscope with quadrupole winding [5] ( Figure 1 ). In that work, we have developed a simulation environment for calculation of the errors of a fiber coil design and verified the simulation environment with experimental results of three different fiber coils. We concluded that elastooptic effect is much stronger than the pure Shupe error for that coil design. The elastooptic effect is directly related to the stress-strain characteristics of the fiber coil.
We run a simulation to obtain the total refractive index change and total elongation of a fiber coil under temperature variation. Refractive index change is found to be 7 × 10
which is close to the temperature coefficient of refractive index for fiber core material, 10 −5 ℃ −1 . Total strain change due to thermal variation is calculated and compared with OTDR measurements of a fiber coil.
Strain Measurements
Fiber coil is subjected to a temperature change from -40 °C up to +60 °C and the flight time inside the fiber coil is measured continuously with the OTDR. The flight time includes the fiber refractive index change due to temperature which is compensated by using the coefficient. OTDR measurement and the calculated strain values are given in Figure 2 .
Experimental and simulation results are consistent.
[5] 
High Performance Fiber Coil Design
In order to reduce the elastooptic effects, we designed a new fiber coil without spool and with titanium spool, which has a temperature expansion coefficient much closer to fiber.
We obtained stress and strain values from the model. Figure 3 shows the Von Mises stress distribution along the fiber coil with the aluminum spool and Table 1 gives the stress values of newly designed fiber coils. Although Von Mises stress characteristics and values stay same, bias error significantly reduced. 
Strain Inhomogeneity
Equation 5 provides a basis for analysis of the strain gradients in axial and radial directions. We calculate the temperature coefficient of strain change for each fiber turn.
Strain temperature coefficient versus fiber turn location is a serrated line, where serration indicates the axial strain and line indicates the radial strain (see Figure 4. ). Although the change in the strain temperature coefficient is higher in the radial direction than the axial, practical quadrupole asymmetry for the Shupe coefficient is much higher for the axial direction. Our simulations show that the axial strain gradient is the dominant source of rate error for our fiber coil.
[7] Strain coefficients of each turn in the same radius are averaged and named as axial strain coefficients. This gives the inhomogeneity in the fiber coil axial direction. The same method is carried out to obtain the radial strain coefficients. Calculated strain coefficients are given in Figure 5 for different spool materials. Radial strain temperature coefficient change is a straight line, while axial strain coefficient shows an asymmetric characteristic.
Although the value of radial coefficient change is higher than the axial coefficient, the rate error of radial layers cancels out each other, thanks to quadrupole winding pattern. Strain temperature coefficient change for axial direction is limited. However, it is the main contributor to phase error if the winding pattern has an axial asymmetry, as for the practical quadrupole pattern. It is also seen from Figure 5 that, radial strain coefficients do not differ too much for different spool configurations. Axial strain coefficient asymmetry is higher for aluminum spool than titanium spool and no spool configurations.
Experiment
A closed-loop fiber optic gyroscope setup is built for laboratory experiments. This setup consists of one ASE light source, two MIOC -fiber coil pairs, and digital and analog electronic boards. The setup is placed in a temperature chamber during temperature tests.
Temperature sensors are mounted on each coil spool to monitor the coil temperature. Temperature profile ranging from -40 °C to +60 °C is applied to fiber coils while temperature and rotation rate measurement data are collected. Collected rotation rate data is processed to eliminate the earth rotation and gyro noise. Experimental and simulation results are plotted in Figure 7 . Thermal sensitivity coefficient of a fiber coil is defined as the ratio of the rate error to the temperature derivative. Calculated coefficients are given in Table 2 .
[9] Rate error characteristics of the two fiber coils are consistent with the theoretical model.
Coil-1 is nearly perfectly matched with the simulation result. Coil-2 also aligned with the simulation result above room temperature. However, Coil-2 thermal sensitivity reduces nearly to zero below room temperature. This phenomenon is called the racket effect in the literature.
Conclusion
We showed strain inhomogeneity can result in rate error for a fiber coil. We designed a new coil by using the simulation model with better performance. We verified the model with laboratory experiments. 
